Introduction
The coordination chemistry of mercury(II) has been a focus of attention for many years owing to the significant toxicological effects exhibited by mercury upon living organisms. Mercury has a special affinity for sulphur and nitrogen over oxygen when these appear as potential ligator atoms in biochemically relevant or model compounds. 1 Despite their toxicity, mercury(II) compounds are still being used in various fields, such as in the paper industry, paints, cosmetics, preservatives, thermometers, manometers, energy-efficient fluorescent light bulbs and, to a limited extent, mercury batteries. 2 Nonetheless, reports of mercury compounds are disproportionately scarce compared with those describing zinc and cadmium, including in crystal engineering endeavours. Recent developments in the crystal engineering of metal-organic coordination polymers have produced many novel materials with various structural features and properties. Supramolecular structures that contain mercury(II) seem to have much more in common with low-valent main group elements than with transition metals, in part because they tend to form structures with low-coordinate linear or other distorted coordination geometries. 3 The spherical d 10 configuration of Hg(II) is associated with a flexible coordination environment so that the geometries of these complexes can vary from linear to octahedral or even distorted hexagonal bipyramidal, and severe distortions from ideal coordination polyhedra occur easily. Furthermore, due to the general lability of d 10 metal complexes, the formation of coordination bonds is reversible, which enables metal ions and ligands to rearrange during the supramolecular assembly to give highly ordered network structures. I 2 , the presence of the bpy ligand leads to the formation of weakly associated dimers through Hg⋯I interactions, i.e. [Hg-(bpy)I 2 ] 2 , resulting in five-coordinate metal centres. In contrast, with phen and dmph, monomeric structures with distorted tetrahedral coordination geometries of composition Hg-( phen/dmph)I 2 are observed. 45 This is as expected because the presence of bulky phen or dmph ligands inhibits aggregation. However, for Hg( phen) 2 Cl 2 a six-coordinate complex with a distorted octahedral geometry was observed. 46 A previous investigation revealed that mercury(II) is capable of forming an extended polymeric structure with 2-[(E)-2-(3-methylphenyl)-1-diazenyl]pyridine in which the ligand is monodentate via the pyridyl nitrogen, while modifying the structure of the ligand by changing the methyl group on the phenyl ring from the m-to the p-position resulted in a dimeric structure in which the 2-[(E)-2-(4-methylphenyl)-1-diazenyl]pyridine ligand is coordinated in a bidentate mode via the pyridyl nitrogen and one of the azo nitrogen atoms. 47 In order to extend the current knowledge of the structural chemistry of mercury(II) compounds with N-donor ligands, attention is now directed towards the systematic synthesis and structural characterization of HgX 2 (X = chloride, bromide, iodide, nitrate and azide) complexes with (E)-N-(pyridin-2-ylmethylidene)arylamine derivatives (L 1 -L 4 , Chart 1), in order to analyze comprehensively the competition between anion X and ligand L for the coordination sites at the mercury(II) centre. Herein, we report the self-assembly and resulting structures of ten mercury(II) complexes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 2 } n , which have been characterized by means of IR and 1 H NMR spectroscopic studies, and for each of 2-10 additionally by single-crystal X-ray crystallography; the structure of 1 has been reported by others recently. 48 The solution-state photophysical properties of these compounds are also reported.
Experimental

General considerations
Caution! Compounds of mercury are highly toxic. 49 Care must be taken when handling samples, and appropriate disposal procedures are necessary. All chemicals were used as purchased without purification: HgCl 2 , pyridine-2-carboxaldehyde (Merck), HgBr 2 , HgI 2 (Fine Chemicals), Hg(NO 3 ) 2 (Sarabhai Chemicals), aniline (Sd Fine), o-/m-toluidine (Thomas Bakers) and p-toluidine (CDH). Solvents were purified by standard procedures and were freshly distilled prior to use. The (E)-N-( pyridin-2-ylmethylidene)arylamine derivatives L 1 -L 4 were prepared in situ from pyridine-2-carboxaldehyde and the corresponding aniline. Attempts to prepare crystalline (E)-N-( pyridin-2-ylmethylidene)arylamine were unsuccessful and in all instances either an oil or a viscous liquid was isolated. Melting points were recorded in capillary tubes on a Scanca apparatus and are uncorrected. Elemental analyses were performed using a Perkin Elmer 2400 series II instrument. IR spectra in the range 4000-400 cm −1 were obtained on a Perkin Elmer Spectrum BX series FT-IR spectrophotometer with samples prepared as KBr discs (complex 9 also in Nujol mull). The 1 H NMR spectra were recorded on a Bruker Avance II spectrometer and measured at 400.13 MHz. The 1 H chemical shifts were referenced to Me 4 Si set at 0.00 ppm. Steady-state absorption spectra were recorded at ambient temperature in acetonitrile (spectroscopy grade, Merck) solution on a Perkin-Elmer model Lambda25 absorption spectrophotometer. Fluorescence spectra were obtained on a Hitachi model FL4500 spectrofluorimeter (with the excitation and emission slits fixed at 10 and 20 nm, respectively) and all spectra were corrected for the instrument response function. Quartz cuvettes of 10 mm optical path length received from Perkin Elmer, USA ( part no. B0831009) and Hellma, Germany (type 111-QS) were used for measuring absorption and fluorescence spectra, respectively. Fluorescence quantum yields (ϕ f ) were calculated by comparing the total fluorescence intensity under the whole fluorescence spectroscopic range with that of a standard using the method described elsewhere. 50 The relative experimental error of the measured quantum yield was estimated within ±10%. Solution electrical conductivity measurements were made with a Wayne Kerr automatic precision bridge 6440B.
Synthesis of dihalomercury(II) complexes (1-8)
The methods employed for the preparation of the dihalomercury(II) complexes (1) (2) (3) (4) (5) (6) (7) (8) 3 ] ppm. Caution! While no incident occurred whilst using azide during preparation and isolation, care in handling azides must be exercised owing to their potentially explosive nature.
Quantum chemical calculations
Quantum chemical calculations were carried out on the ligands (L 1 -L 4 ) in order to derive their structural parameters since the ligands could not be isolated in a pure crystalline form and characterized crystallographically. Previously, crystals of (E)-N-( pyridin-2-ylmethylidene)aniline (L 1 ) were obtained by sublimation and its crystal structure was reported; 51 however, the structure suffers from whole molecule disorder (see discussion). In view of the unavailability of the pure ligands, the assignment of diagnostically important experimental infrared Paper Dalton Transactions bands due to ν(C(H)vN) and ν(CvN)py was also difficult. To resolve these issues, the geometries of the ligands (L 1 -L 4 ) were optimized using the B3LYP level of theory and the B3LYP/ 6-31G(d,p) basis set. 52 Harmonic frequency calculations were performed at all stationary points to characterize their nature and to ensure that the optimized structure corresponded with a global minimum. A similar method of calculation was successfully applied in the structural and spectroscopic characterization of a series of 2-hydroxy-
, is shown in Fig. 1 while the other three molecules are given as ESI Fig. S1 -S3. † The optimized geometric parameters for L 1 -L 4 are listed in ESI Table S1 . † The experimental IR frequencies involve anharmonic terms whereas the calculated frequencies are derived from a harmonic oscillator model. This difference can be corrected by scaling the calculated values by a factor of 0.9623. 53, 54 This information was utilized to interpret and assign the experimental infrared data for 1-10.
X-ray crystallography
Crystals of compounds 2-10 suitable for X-ray crystal-structure determination were obtained by slow evaporation of acetonitrile solutions of the respective compounds at room temperature. In the case of compound 4, the crystalline sample contained crystals of different shapes and full crystal structure determinations were conducted on each crystal form revealing two polymorphs. The measurements for 7-9 were made at low temperature on a Nonius KappaCCD diffractometer 55 with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) and an Oxford Cryosystems Cryostream 700 cooler. The data for 2, 3 and 10 were recorded on an Agilent Technologies Super Nova area-detector diffractometer 56 using Mo-Kα radiation from a micro-focus X-ray source and an Oxford Instruments Cryojet XL cooler, and data for 4-6 were recorded on a Bruker-APEX diffractometer equipped with a CCD area detector and Mo-Kα radiation. Data reduction was performed using HKL Denzo and Scalepack 57 for 7-9, with CrysAlisPro 56 for 2, 3 and 10, and with SAINT 58 for 4-6. An empirical absorption correction based on the multi-scan method 59 was applied for 4-9 while an analytical absorption correction 60 was applied for each of 2, 3 and 10. The structures of 7-9 were solved by heavy-atom Patterson methods 61 which revealed the position of the Hg, Br and I atoms in their respective compounds. All remaining non-hydrogen atoms were located in a Fourier expansion of the Patterson solution, which was performed by DIRDIF94.
62
The structures of 2, 4-6 and 10 were solved by direct methods using SHELXS97, 63 which revealed the positions of all nonhydrogen atoms while the structure of 3 was solved by direct methods using SIR92. 64 The non-hydrogen atoms in each structure were refined anisotropically. All of the H-atoms were placed in geometrically calculated positions and refined by using a riding model where each H-atom was assigned an isotropic displacement parameter with a value equal to 1.2U eq of its parent atom (1.5U eq for methyl-H). The refinement of each structure was carried out on F 2 by using full-matrix leastsquares procedures, which minimized the function Σw(F o 2 − F c 2 ) 2 . For 3 and 9, corrections for secondary extinction were applied and five and two reflections, respectively, were omitted owing to poor agreement. The absolute structure parameter of 0.259(7) for 7 indicated that the crystal investigated was an inversion twin. As is not uncommon for heavy atom structures, several data sets presented relatively large residual electron density peaks. Usually, these were located near the mercury atom, but in the cases of 7, 9 and 10, these were located in chemically meaningless positions. A comment on the large residual electron density peak in 2 is appropriate owing to its great size, i.e. 9.55 e Å −3 . The minimum electron density peak was −1.36 e Å −3 and the next highest peak was 1.00 e Å −3 . The large residual peak was located 1.08 Å from the Hg atom and attempts were made to resolve its aetiology. The applied absorption correction was based on face-indexing but when an empirical absorption correction was applied, the residual persisted. Similarly, the peak and pseudo-symmetry equivalent remained when the refinement was performed in the P1 space group; no evidence for twinning was found. While the residual may be indicative of disorder, no evidence of disorder was found in other parts of the molecule. The largest residual electron density peak for 3 was also a little high at 5.32 e Å −3 . The peak is within 0.93 Å of the Hg atom and the next highest peak was 0.88 e Å −3 . Again, an absorption correction based on face-indexing was applied. Other absorption correction trials did not reduce the peak and there was no evidence for twinning or disorder in the structure. The SHELXL97 program 63 was used for the calculations of 2, 3, and 7-10, while refinement and data output of 4-6 were carried out with the SHELXTL-NT program package. 65 The data collection and refinement parameters are given in Table 1 , and views of the molecular structures are shown in Fig. 4 -8.
Results and discussion
Synthesis
In convenient one-pot reactions, a systematic series of ten complexes with the general stoichiometry HgX 2 L has been Dalton Transactions Paper prepared, where X is chloride, bromide, iodide, nitrate or azide, and L is a variously methyl-substituted Schiff base ligand, (E)-N-(pyridin-2-ylmethylidene)arylamine. In alcohol, one equivalent of HgX 2 reacts rapidly with one equivalent of L (generated in situ from pyridine-2-carboxaldehyde and a substituted aniline) to give a yellow precipitate which proved to be mercury complexes of the formula HgX 2 L (3,
and [HgX 2 L] n (10), see Chart 1. Recently, the X-ray crystal structure for compound 1 was reported, but no spectroscopic properties were documented. 48 These are therefore included herein for comparative purposes. The synthesis of polymeric [Hg(NO 3 ) 2 L] n (9) was conducted in an aqueous ethanol medium owing to the poor solubility of the mercury precursor in absolute ethanol. All mercury complexes are insoluble in the reaction medium, but can be recrystallized using a large volume of acetonitrile to provide crystals suitable for X-ray Although the crystal structure of (E)-N-( pyridin-2-ylmethylidene)aniline(L 1 ) has been reported, 51 the geometric parameters could not be used with confidence owing to whole molecule disorder. As anticipated, most of the geometric parameters in the calculated structures of L 1 -L 4 (ESI Table S1 
IR, NMR, UV-Vis and fluorescence spectroscopy
The infrared spectra of complexes 1-10 are very similar and the IR assignments of selected diagnostic bands are given in the Experimental section. The complexes display a moderately intense IR band in the region 1630-1650 cm −1 , which is assigned to the ν asym (C(H)vN) stretch of the coordinated Schiff base ligands. 66 In addition, well resolved sharp bands of variable intensity observed in the regions 1600-1580, 1490-1475 and 1450-1435 cm −1 are assigned to the coordinated pyridine ring. [66] [67] [68] Complexes 9 and 10 deserve specific mention. The cited nitrate frequencies in 9 are medium-dependent. Using a KBr matrix, the IR spectrum showed a very strong band at approximately 1381 cm −1 which is indicative of the simultaneous presence of ionic and coordinated nitrates; 67 it is noted that pressing a KBr pellet can also influence the nitrate coordination which has been fully discussed in the literature. 69 In addition, the solid-state spectrum of 9 displayed bands at 1527 and 1321 cm −1 , which are indicative of bidentate chelating nitrate groups. Table 2 summarizes the solution UV-Vis and fluorescence properties of complexes 1-10; spectra remained unchanged over a period of 25 days. The absorption spectra of all complexes were recorded in the range 300-450 nm in acetonitrile solutions at concentrations of ∼10 −5 M. The electronic spectra exhibit a coalescence absorption in the range of 325 to 360 nm ( Fig. 2 ) and the origin of the band could not be assigned unambiguously due to the non-availability of data for the free ligands. Nevertheless, the absorption is possibly a result of overlap of intramolecular charge transfer transitions (ε ∼ 10 4 )
with a weak band due to MLCT transition from Hg(II) → π * (ligand), as observed for the cognate systems.
75,76
The steady-state fluorescence studies have been employed as independent evidence of complexation. In acetonitrile solution, the complexes have broad emission bands at λ max = 410 nm along with a shoulder at ∼430 nm within the wavelength range of 390-550 nm, when they are excited at their respective absorption maxima (Fig. 3) , indicating that the transitions are charge transfer in nature. In general, the complexes show very low fluorescent quantum yields, which can be attributed to the heavy atom effect. 77, 78 The Hg 2+ cation and chloride anions can quench the fluorescence and result in efficient luminescence decay. However, complexes 3, 8 and 10 exhibit a 
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very weak emission yield, which is about one order of magnitude lower than for the remaining complexes. It can be presumed that the significantly weakened emission intensities for 3 and 8, when compared with the related analogues 1-2 and 6-7, respectively, can be attributed to the competitive quenching effect of the iodide ions. 79 The difference in the intensity of the emission results from the variation of the coordinated anions to mercury(II), and indicates that the anions strongly affect the fluorescence emission features.
25,80
Molecular structures
The crystal and molecular structures of 2-10 have been determined in the present study and reveal a variety of structural motifs; the structure of 1 is available in the literature. 48 Herein, the molecular structures will be described in order of increasing nuclearity. Selected geometric parameters are collected in Tables 3 and 4 (Tables 3 and  4) , are comparable with the parameters derived from the geometry optimised structures (ESI Table S1 †), and are, therefore, not discussed further. The five-membered chelate ring in 3 is planar with the root-mean-square (r.m.s.) deviation for the fitted atoms being 0.026 Å, and indeed the overall molecule of L 1 is planar as seen in the dihedral angle of 3.19 (17) °formed between the pyridyl and phenyl ring planes. In this structure and across the series, the Hg-N-C bond angles follow the same trends with the exo-chelate ring angles being approximately 8°(N1) and 12°(N2) wider than the endo-chelate ring angles (Tables 3 and 4) . A similar coordination geometry pertains in the structure of 8, the r.m.s. deviation of the chelate ring and dihedral angle between the six-membered rings being 0.074 Å and 4.5(3)°, (8)respectively. As for 2, the molecules in 7 self-associate but this time through a non-crystallographic centre of inversion. The two independent entities, containing Hg1 or Hg21, comprise the asymmetric unit with the inverted form of the Hg21-containing molecule virtually superimposable upon that with Hg1 (ESI Fig. S5 †) . This similarity is reflected in the r.m.s. deviation of bond lengths and angles of 0.014 Å and 1.49°, respectively. 83 A dramatic influence exerted by the methyl substituent of L 4 in the self-association of 7 is evident from the bridging Hg⋯Br distances in 7, which are significantly longer than in 2, i.e. 3.4749(8) and 3.6344(8) Å, and longer than the sum of their van der Waals radii (3.40 Å). 81 The more covalent character of the Hg-Br bond can be correlated with the better coordinating ability of the L 4 ligand compared with L 1 , as reflected in the shorter Hg-N bond lengths, Table 3 , and as discussed above for the structures of 3 and 8. (4) crystallizes in two polymorphic triclinic forms, which were deposited concomitantly from the same recrystallization and can be distinguished by their different crystal shapes: needles for the minor product (4a) and rhombohedral prisms for the major product (4b). 
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In 4a and 4b, two and four independent mononuclear entities comprise the asymmetric unit, respectively, with the dinuclear species arising from association via non-crystallographic centres of inversion. It can be seen from the overlay diagram, Fig. 7 , drawn with Qmol, 84 that while the pyridyl residues are virtually superimposable in the six independent molecules, differences appear in the dihedral angles formed between this and the tolyl residues (range = 40.9(4) to 70. (6) , the dinuclear molecule is generated by the application of a centre of inversion. The respective (E)-N-( pyridin-2-ylmethylidene)arylamine ligands in these structures are considerably less twisted than in the sterically congested complexes 4a and 4b, with the dihedral angle between the two rings in each of 1, 5 and 6 being 11.7(6), 9.0(3) and 13. Thus, the Hg-Cl1 and Hg⋯Cl1 bond lengths are systematically shorter and longer, respectively, in the structures involving the methyl-substituted ligands compared with those incorporating the unsubstituted ligand, Table 3 . In terms of coordination geometry, the values of τ were generally around 0.30 for the mercury atoms in 1, 4a (Hg21), 4b and 6 with exceptional values being found for the Hg1 atom in each of 4a (0.50) and 5 (0.01). Clear trends are evident from the structural data on the aforementioned HgX 2 L species in that when X = I, no evidence for Hg⋯I bridges was found, but weak Hg⋯X bridges and clear pairing of mononuclear entities started to appear in structures with X = Br and were uniformly characterized in the structures with X = Cl. Also of interest was the observation that the coordinating ability of the (E)-N-( pyridin-2-ylmethylidene) arylamine molecules is significantly moderated by the presence of methyl substituents in the aryl rings and this in turn reduced the propensity of the Hg⋯X bridge formation.
Next, attention was directed to investigating structures with X = nitrate (9) and azide (10) . In the structure of (10), containing the pseudo-halide ligand azide, the familiar centrosymmetric dimer is found, Fig. 8 and Table 3 . Here, the bridge involves the terminal N6 atom and the difference in Hg-N bond lengths (0.27 Å) indicates a relatively symmetric bridge. The value of τ is 0.19 indicating a gap in the coordination geometry which is occupied by a weakly associated N3 atom (Hg-N = 2.823(2) Å cf. the sum of the van der Waals radii of Hg and N of 3.10 81 ) that serves as a bridge to link the dimeric aggregates into a supramolecular chain along the a-axis, Fig. 8b . The final structure to be described is that of the nitrate analogue of the foregoing series, [Hg(NO 3 ) 2 L 4 ] (9), which differs considerably in terms of coordination geometry and mode of association of anions. Within the asymmetric unit, Fig. 9a , the mercury atom is chelated by the (E)-N-( pyridin-2-ylmethylidene)arylamine and two nitrate ligands, one, containing the N3 atom, symmetrically and the other (with N4) asymmetrically, as reflected in the disparate Hg-O bond lengths and Hg-O-N bond angles in the latter, Table 4 . The N3-nitrate forms an additional two interactions with a symmetry-related (glide operation) mercury atom and serves to link the molecules into a zig-zag chain along the c-axis, Fig. 9b . 
Crystal packing
In the absence of strong structure-directing hydrogen bonding, the crystal structures of 1-10 may be considered as close packing of the various supramolecular zero-and one-dimensional aggregates. Despite the close similarity of the molecular structures, with the exception of 1 48 and 2, none of the structures are isomorphous. The crystal packing patterns are discussed in the same order as for the molecular structures, i.e. generally in order of increasing nuclearity of the molecular aggregates.
The crystal structure of 3 comprises loosely associated dimers of 3 held together by π⋯π interactions [3.705(2) Å] formed between the pyridyl and benzene rings as detailed in ESI Fig. S6 . † The dimers stack in columns along the b-axis with no specific interactions between them. To a first approximation, a similar situation pertains in the crystal structure of 8 with an important difference in that the columns of loosely associated dimers found in 3 are now connected into supramolecular chains along the b-axis by π⋯π interactions occurring ] 2 } n extended chain found in the crystal structure of compound 10. Displacement ellipsoids for (a) are drawn at the 30% probability level and H atoms are shown as small spheres of arbitrary radii. ] n chains found in the crystal structure of compound 9. The displacement ellipsoids for (a) are drawn at the 30% probability level and H atoms are shown as small spheres of arbitrary radii.
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Dalton Transactions between the chelate and pyridyl rings, as illustrated in Fig. 10 ; geometric details characterising these interactions are given in the figure caption. While not often commented upon, intermolecular interactions involving chelate rings, having metalloaromatic character, 88 interacting with other chelate rings, other aromatic rings, and as both acceptors and donors of C-H contacts are attracting increasing attention in the supramolecular chemistry literature. 89 The formation of π(HgN 2 C 2 )⋯π( pyridyl) interactions in 8 but not in 3 is correlated with the better coordinating ability of L 4 compared with L 1 , as commented upon previously. Just as the transformation of the mononuclear arrangement in 3 into a binuclear unit in 2 was correlated with the increase in electronegativity of Br compared with I, the presence of π(HgN 2 C 2 )⋯π( pyridyl) interactions in 2 but not in 3 is due to the same reason: the electronegativity difference enhances the metalloaromatic behaviour of the chelate ring. Owing to the binuclear nature of the molecules in 2, layers mediated by these interactions are formed in the ab-plane with additional stabilisation provided by C-H⋯Br interactions, Fig. 11 . A similar layer arrangement is seen in the crystal structure of 7, ESI Fig. S8 , † but the chelate rings are interacting with the C 6 rather than the pyridyl ring of L 4 , and additional stabilization by methyl-C-H⋯π( pyridyl) interactions is noted. The crystal structure of 1 48 is isomorphous with that of 2.
While on electronic grounds, greater metalloaromaticity is anticipated in the polymorphic [HgX 2 L 2 ] 2 structures 4a and 4b, these are not found owing to the significant deviations from planarity of the L 2 ligands which preclude close approach of the chelate rings. In 4a, the molecules are connected by pyridyl-C-H⋯Cl and π⋯π interactions, with the latter occurring between pyridyl and tolyl rings, see ESI Fig. S9 . † In 4b, the π⋯π interactions occur exclusively between pyridyl rings, while the pyridyl-C-H⋯Cl contacts persist, see ESI Fig. S10 . † With no steric hindrance in 5, chelate rings again feature in the supramolecular assembly. In this case, the molecules are arranged to allow the chelate rings to self-associate via π⋯π interactions, see Fig. 12 . The resulting aggregates are connected into a supramolecular layer via π⋯π interactions occurring between pyridyl rings. With the foregoing in mind, perhaps contrary to expectation, the binuclear molecules in 6 aggregate into a three-dimensional architecture via π⋯π interactions occurring between pyridyl and C 6 rings as well as pyridyl-C-H⋯Cl interactions with no evidence for participation in intermolecular interactions by the chelate rings, see ESI Fig. S11 . † The supramolecular chains in 10 are consolidated in the crystal packing by a combination of π⋯π interactions, occurring between pyridyl and C 6 rings, as well as C-H⋯N interactions, see ESI Fig. S12 . † Finally, and in contrast to the packing features described thus far, the crystal structure of 9 is devoid of π⋯π interactions with the supramolecular chains sustained in a three-dimensional architecture by a network of C-H⋯O interactions, see ESI Fig. S13 . †
Conclusions
The synthesis and structural characterization of a series of mercury complexes with (E)-N-( pyridin-2-ylmethylidene)- Paper Dalton Transactions
